Anti-apoptotic effect of quercetin: Intervention in the JNKthe most widely distributed flavonoids in the plant kingand ERK-mediated apoptotic pathways.
muscle [1] . Because of these biological properties, flasignal-regulated kinases (ERKs), and p38 MAP kinase was evaluated in the presence or absence of quercetin. Using pharmacovonoids have been considered as therapeutic agents for logical and genetic inhibitors, the roles for individual MAP various pathologies, including cancer, viral infection, inkinases in H 2 O 2 -induced apoptosis were examined. Involvement flammation/allergy, hypertension, and atherosclerosis [1] .
of ERKs in the induction and activation of AP-1 was also Intervention in apoptosis by quercetin has been reinvestigated using Northern blot analysis and a reporter assay. ported in several cell types. In general, quercetin facili- mesangial cells, fibroblasts, and epithelial cells [3] . We and ERK2 or a dominant-negative mutant of JNK inhibited previously reported that the inhibitory effect of querce-H 2 O 2 -induced apoptosis. Transfection with a dominant-negatin on mesangial cell apoptosis is via intervention in the tive p38 MAP kinase did not attenuate the apoptotic process.
activator protein 1 (AP-1) pathway, the crucial signaling Inhibition of ERKs by PD098059 suppressed induction of c-fos without affecting early induction of c-jun, leading to attenuated machinery for the H 2 O 2 -induced apoptosis [3, 4] . Cur-MAP kinase-mediated phosphorylation. That is, c-Jun were harvested, washed with cold PBS, and lyzed with 150 L hypotonic lysis buffer [10 mmol/L ethylenediis phosphorylated and activated by JNK, and c-Fos is phosphorylated by a member of MAP kinase, Fos-reguaminetetraacetic acid (EDTA), 0.5% Triton X-100 in 10 mmol/L Tris-HCl, pH 7.4] for 15 minutes on ice and lating kinase [5] . MAP kinases are possible upstream targets for the anti-apoptotic effect of quercetin. precipitated with 2.5% polyethylene glycol and 1 mol/L NaCl for 15 minutes at 4ЊC. After centrifugation at Mitogen-activated protein kinases are activated by various stresses including reactive oxygen intermediates [6] 16,000 ϫ g for 20 minutes at room temperature, the supernatant was incubated in the presence of proteinase and influence apoptosis either positively or negatively. In many cell types, JNK and p38 MAP kinase contribute K (300 g/mL) at 37ЊC for one hour and precipitated with isopropanol at Ϫ20ЊC. After centrifugation, each to the induction of apoptosis, whereas ERK generally inhibits apoptotic processes [5, 7] . In the present report, pellet was dissolved in 10 L of Tris-EDTA (pH 7.6) and electrophoresed on a 1.5% agarose gel containing we investigated first whether and how MAP kinases are involved in the H 2 O 2 -initiated apoptosis in mesangial ethidium bromide. Ladder formation of oligonucleosomal DNA was detected under ultraviolet light. cells. To explore molecular mechanisms involved in the anti-apoptotic effect of quercetin, the present study furTrypan blue analysis. The apoptotic process is divided into three phases. In the first and second phases, function ther examined how quercetin modulates activity of MAP kinases involved in the oxidant-triggered apoptosis.
of cellular membrane is retained intact, but in the third phase, cell membranes are progressively degenerated (secondary necrosis) [12] . The final step of apoptosis was METHODS therefore evaluated by trypan blue exclusion. After the Cells induction of apoptosis, both attached and detached cells were gently trypsinized and mixed with the same volume Mesangial cells (SM43) were established from isolated glomeruli of a male Sprague-Dawley rat and were identiof 0.4% trypan blue solution (Sigma). Percentages of viable cells were evaluated by light microscopy. Assays fied as being of the mesangial cell phenotype as described before [8] . Cells were maintained in DMEM/Ham's F-12
were performed in quadruplicate. (GIBCO BRL, Gaithersburg, MD, USA) supplemented MAP kinase assays with 100 U/mL of penicillin G, 100 g/mL of streptomycin, 0.25 g/mL of amphotericin B, and 10% fetal calf
To examine the effect of quercetin on the inducible activation of MAP kinases, confluent mesangial cells (0.5 serum (FCS). Medium containing 1% FCS was generally used for experiments.
to 1 ϫ 10 6 cells) were incubated in 1% FCS for 24 hours, pretreated with or without quercetin (50 mol/L) for 1. Activity of JNK was evaluated by phosphorylation of c-Jun, using SAPK/JNK Assay Kit (New England Bioand stained by Hoechst 33258 (10 g/mL; Sigma) for one hour. Apoptosis was identified using morphological labs). In brief, cells were lyzed with 300 L of lysis buffer and passaged several times through needles. After cencriteria, including shrinkage of the cytoplasm, membrane blebbing, and nuclear condensation and/or fragmentatrifugation, each supernatant containing 50 g total protein was incubated with 1 g of c-Jun fusion protein beads tion. Percentages of apoptotic cells were evaluated quantitatively using both attached and detached cells.
at 4ЊC overnight. After centrifugation, the pellets were washed, suspended in 50 L kinase buffer supplemented Ladder detection assay. After the induction of apoptosis, both attached and detached cells (5 ϫ 10 5 /sample) with 100 mol/L adenosine 5Ј-triphosphate (ATP), and 
4). of MAP kinases
The percentage of shrunk/rounded blue cells against the To examine the role of ERKs in the H 2 O 2 -induced total number of blue cells was calculated in each well, apoptosis, transient transfection was used. Using the caland the mean value of four wells was used to compare cium phosphate coprecipitation method [14] , mesangial data in different groups [18] . The transfection efficiency cells cultured in 24-well plates (1.0 to 1.2 ϫ 10 5 /well, 10% in these experiments was approximately 0.1 to 0.4%. FCS) were cotransfected with pCI-␤Gal (167 ng/well; a Reporter assay gift from Promega, Madison, WI, USA) together with pCEP4Erk1 ϩ pCEP4Erk2 (250 ng/well, respectively)
The effect of PD098059 on the activity of AP-1 was or pCEP4Erk1(K71R) ϩ pCEP4Erk2(K52R) (250 ng/ evaluated by the transient transfection assay as described well, respectively). pCI-␤Gal introduces a ␤-galactosipreviously [3] . In brief, mesangial cells cultured in 24-dase gene under the control of the immediate-early enwell plates were transiently transfected with the AP-1 hancer/promoter of human cytomegalovirus. pCEP4-reporter plasmid pTRE-LacZ [19] or a control plasmid Erk1 and pCEP4Erk2 (gifts of Dr. M. Cobb, University pCI-␤Gal (500 ng/well, respectively). pTRE-LacZ introof Texas, Austin, TX, USA) code for wild-type ERK1 duces a ␤-galactosidase gene under the control of tanand ERK2. pCEP4Erk1(K71R) and pCEP4Erk2 (K52R) demly repeated TREs. After the transfection, cells were encode dominant-negative mutants of ERK1 and ERK2, incubated for 48 hours in 1% FCS, pretreated with 50 respectively. When overexpressed, these mutants effecmol/L PD098059 for 1.5 hours and stimulated by 150 tively suppress the function of endogenous ERK1 and mol/L H 2 O 2 for 24 hours. X-gal assay was then per-ERK2 [13, 15] . After incubation overnight, medium was formed to evaluate AP-1 activity. The number of X-galreplaced with 1% FCS/DMEM-F12. After 24 hours, the positive cells transfected with pTRE-LacZ was counted cells were treated with H 2 O 2 (100 mol/L, 6 to 17 hours) and normalized by the number of X-gal-positive cells and subjected to a 5-bromo-4-chloro-3-indolyl ␤-Dtransfected with pCI-␤gal. The mean value of four wells galactopyranoside (X-gal) assay. Assays were performed was used to compare data in different groups. in quadruplicate.
To examine the roles of p38 MAP kinase and JNK in Northern blot analysis the H 2 O 2 -induced apoptosis, mesangial cells were transExpression of c-fos and c-jun was examined by Northfected with pCI-␤Gal (167 ng/well) together with 500 ng/ ern blot analysis [20] . Confluent mesangial cells cultured well of empty vector pcDNA3 (Invitrogen, Groningen, in the presence of 1% FCS for 24 hours were pretreated The Netherlands), pcDNA3-p38(TY) encoding a domiwith or without PD098059 (50 mol/L) for 1.5 hours and nant negative mutant of p38 (a gift of Dr. J. Han, Scripps stimulated by 100 mol/L H 2 O 2 for one and two hours. Research Institute, La Jolla, CA, USA) [16] or pcDNA3-Total RNA was electrophoresed on 1.2% agarose gels DN-JNK1 coding for a dominant-negative mutant of and transferred onto nitrocellulose membranes. , and glycersetts, Cambridge, MA, USA) [15] . When overexpressed, aldehyde-3-phosphate dehydrogenase (GAPDH) were these mutants effectively suppress the function of p38 labeled with 32 P-dCTP using the random priming method. MAP kinase and JNK, respectively [13, 15, 16] . After
The membranes were hybridized with probes at 65ЊC the transfection, the cells were treated with H 2 O 2 and overnight in a solution containing 4 ϫ SSC (600 mmol/L subjected to X-gal assay.
sodium chloride, 60 mmol/L sodium citrate), 5 ϫ DenTransfection of mesangial cells by the calcium-phoshardt's solution, 10% dextran sulfate, 50 g/mL herring phate method per se causes modest apoptosis (5 to 10%).
sperm DNA, and 50 g/mL poly(A), washed at 50ЊC, To confirm that the suppressive effects of the dominantand exposed to Kodak XAR films at Ϫ80ЊC. negative mutants are not on the basal apoptosis, but on the H 2 O 2 -induced apoptosis, mesangial cells were transStatistical analysis fected with pCI-␤Gal (500 ng/well) in the presence of Data were expressed as means Ϯ SE. Statistical analysis PD098059 (50 mol/L), SB203580 (25 mol/L), or curwas performed using the nonparametric Mann-Whitney cumin (20 mol/L) for 24 hours. The cells were subjected U-test to compare data in different groups. P value Ͻ0.05 to analysis, as described previously in this article.
The X-gal assay was performed as described previously was used to indicate a statistically significant difference. 
RESULTS
post-translational mechanisms. MAP kinase pathways might be proximal targets of the anti-apoptotic effect Inhibition of H 2 O 2 -triggered apoptosis by quercetin of quercetin. To examine this possibility, the effects of To examine the effect of quercetin on oxidant-induced quercetin on the activity of ERKs, p38 MAP kinase, and apoptosis, mesangial cells were pretreated with or with-JNK were tested. Mesangial cells were pretreated with out quercetin (50 mol/L) and exposed to H 2 O 2 (150 or without quercetin for 1.5 hours and were exposed to mol/L). Phase-contrast microscopy and Hoechst stain-H 2 O 2 for 30 minutes. Under the basal culture condition, ing showed that H 2 O 2 induced shrinkage of the cytoonly modest activity of MAP kinases was detectable. plasm, membrane blebbing, and nuclear condensation After the stimulation by H 2 O 2 , all of ERKs, p38 MAP typical of apoptosis. Pretreatment with quercetin subkinase, and JNK were activated. The activation was obstantially inhibited these apoptotic changes (Fig. 1A) .
served within 15 minutes, peaked at 30 minutes, and was The percentage of apoptotic cells was significantly reattenuated thereafter (data not shown). Pretreatment duced from 54.0 Ϯ 3.6% [quercetin (Ϫ)] to 9.3 Ϯ 1.3% with quercetin abrogated the H 2 O 2 -induced activation of [quercetin (ϩ); means Ϯ SE, P Ͻ 0.05] by the treatment ERKs, p38 MAP kinase, and JNK (Fig. 2 ). with quercetin (Fig. 1B) . To examine whether the anti-apoptotic effect of querWe previously reported that (1) H 2 O 2 induces apoptocetin is due to inhibition of ERKs and/or p38 kinase, sis of mesangial cells via the AP-1 pathway [4] , and (2) mesangial cells were pretreated with the selective MEK quercetin inhibits the oxidant-induced apoptosis via ininhibitor PD098059 (50 mol/L) or the p38 MAP kinase tervention in AP-1 [3] . AP-1 is known to be up-regulated by MAP kinase pathways through transcriptional and inhibitor SB203580 (25 mol/L) and were exposed to (Fig. 3A) . In contrast, SB203580 did not reduce the ERKs (Fig. 3B, graph) . Consistently, agarose gel electrophoresis detected DNA ladder formation in H 2 O 2 -cellular damage. Hoechst staining showed that nuclear condensation induced by H 2 O 2 was attenuated by treatexposed cells, and it was abrogated by the treatment with PD098059 (Fig. 3C ). ment with PD098059 (Fig. 3B, photo) . The percentage The apoptotic process is divided into three phases. In
Involvement of ERKs
The differential roles of MAP kinases in the H 2 O 2 -induced apoptosis were further investigated using domithe first and second phases, function of cellular membrane is retained intact, but in the third phase, cell memnant-negative mutants. Mesangial cells were transiently cotransfected with pCI-␤Gal encoding ␤-galactosidase branes are progressively degenerated. To confirm further the differential roles of ERKs and p38 kinase in the together with dominant-negative mutants of ERK1/2, a dominant-negative mutant of p38 MAP kinase or a apoptotic cell death, the final step of apoptosis was examined by trypan blue exclusion. After exposure of the dominant-negative mutant of JNK1. After incubation in 1% FCS, the cells were treated with H 2 O 2 and were cells to H 2 O 2 , cell viability was reduced from 99.1 Ϯ 0.3% to 49.4 Ϯ 3.3%. Pretreatment with PD098059 signifisubjected to X-gal assay. Typical morphologic features of transfected normal and apoptotic cells were shown in cantly improved the cell survival to 76.0 Ϯ 0.9% (P Ͻ 0.05; Fig. 3D ). In contrast, pretreatment with SB203580 Figure 5A . The percentage of shrunk/rounded blue cells against the total number of blue cells was calculated in did not improve but rather deteriorated the cell viability (20.7 Ϯ 1.4%).
each well, and the data were expressed as the fold increase against the value of controls (Fig. 5B ). Quantita-JNK is known to be the direct, upstream activator of c-Jun/AP-1. To confirm that the anti-apoptotic effect tive analysis showed that the percentages of apoptotic cells were substantially (3.7-to 4.7-fold) increased after of quercetin is ascribed to its inhibitory effect on the JNK-AP-1 pathway, mesangial cells were pretreated exposure of the cells to H 2 O 2 . Consistent with the results using pharmacological inhibitors, introduction of the with the JNK-c-Jun/AP-1 inhibitor curcumin (20 mol/L) and were exposed to H 2 O 2 . Microscopic analyses showed dominant-negative ERKs attenuated the H 2 O 2 -induced apoptosis from 27.9 Ϯ 1.8% to 16.3 Ϯ 1.8% (vs. 5.9 Ϯ that curcumin attenuated the apoptotic changes of H 2 O 2 -exposed cells (Fig. 4A, B, photo) . The percentage of 1.1% in H 2 O 2 -untreated, vector-transfected cells; Fig. 5B,  left) . Similarly, introduction of the dominant-negative apoptotic cells was significantly reduced from 75.2 Ϯ 3.3% to 4.9 Ϯ 0.5% by the treatment with curcumin (Fig. JNK also reduced the rate of apoptosis from 19.7 Ϯ 1.4% to 11.3 Ϯ 0.4% (vs. 5.0 Ϯ 0.3% in H 2 O 2 -untreated, vector-4B, graph). The percentage of shrunk/rounded blue cells (apoptotic cells) against the total number of blue cells was calculated in each well, and the mean value of four wells was used to compare data in different groups. The data (means Ϯ SE) are shown as a fold increase against the value of untreated controls. Assays were performed in quadruplicate. Asterisks indicate statistically significant differences (P Ͻ 0.05). NS, not significant. (C) Effects of MAP kinase inhibition on the basal apoptosis triggered by calcium phosphate. Mesangial cells were transfected with pCI-␤Gal in the presence of PD098059, SB203580, or curcumin and were subjected to X-gal assay. Percentages of apoptosis were assessed, as described previously in this article. Assays were performed in quadruplicate. An asterisk indicates a statistically significant difference (P Ͻ 0.05).
ERK-mediated induction and activation of the c-Fos/ AP-1 pathway in response to H 2 O 2
To investigate the relationship between ERKs and AP-1, the effect of PD098059 on the induction of AP-1 components was examined. Mesangial cells were pretreated with or without PD098059 and stimulated by H 2 O 2 for one and two hours. Northern blot analysis showed that H 2 O 2 rapidly induced expression of c-fos transfected cells; Fig. 5B, right) . In contrast, the H 2 O 2 -induced apoptosis was not attenuated by transfection with the dominant-negative p38 MAP kinase (20.5 Ϯ 2.2% in vector-transfected cells and 24.2 Ϯ 2.6% in ⌬p38-transfected cells vs. 5.0 Ϯ 0.3% in H 2 O 2 -untreated, vector-transfected cells; Fig. 5B, middle) .
Transfection of mesangial cells by the calcium-phosphate method per se causes modest apoptosis (5 to 10%). To confirm that the suppressive effects of the dominantand c-jun with a peak at one hour (Fig. 6A) . Pretreatment negative mutants are not on the basal apoptosis but on with PD098059 abrogated the induction of c-fos expresthe H 2 O 2 -induced apoptosis, mesangial cells were transsion. In contrast, the induction of c-jun was not affected fected with pCI-␤Gal in the presence of PD098059, by the ERK inhibition. SB203580, or curcumin. X-gal assay showed that none To examine further whether activation of ERKs parof these kinase inhibitors attenuated the basal apoptosis ticipates in the activation of AP-1, a reporter assay was of mesangial cells (Fig. 5C ). The percentages of apoptotic performed. Mesangial cells were transiently transfected blue cells were 9.4 Ϯ 0.5% in untreated cells, 12.3 Ϯ 0.4% with the AP-1 reporter plasmid pTRE-LacZ. After the in PD098059-treated cells, 10.6 Ϯ 0.3% in SB203580-transfection, cells were pretreated with or without PD098059 and were stimulated by H 2 O 2 . X-gal assay was treated cells, and 9.8 Ϯ 0.7% in curcumin-treated cells. in apoptotic cell death [27] [28] [29] . Our previous [3, 4] and Quercetin suppresses activation of AP-1 in response to current data also suggested that the JNK-AP-1 pathway H 2 O 2 . (3) Down-regulation of AP-1 using either a domiplays a crucial role in the H 2 O 2 -induced apoptosis in nant-negative mutant of c-jun or an antisense c-jun attenumesangial cells. ates the H 2 O 2 -induced apoptosis [3, 4] . Currently, however, In contrast to JNK, ERK is regarded generally as an the upstream mechanisms involved in the anti-apoptotic anti-apoptotic kinase [7] . ERKs function as the cytoproeffect of quercetin are largely unknown. In this report, tective machinery against apoptosis triggered by oxidative we investigated the anti-apoptotic potential of quercetin, stress, tumor necrosis factor-␣, growth factor deprivafocusing on its effects on the family of MAP kinases, the tion, and apoptosis-inducing drugs [7, [30] [31] [32] [33] tin. The precise mechanisms involved in the suppressive effect of quercetin are unclear, but some possibilities pression of c-fos and inhibition of AP-1 activation. These data indicated that quercetin inhibits both the JNKmay be postulated. Certain flavonoids are known to be inhibitors of tyrosine kinases [1] . Quercetin may directly c-Jun/AP-1 pathway and the ERK-c-Fos/AP-1 pathway, which play crucial roles in H 2 O 2 -induced apoptosis.
inhibit MAP kinases via suppression of tyrosine phosphorylation, which is required for their activation [5] . The MAP kinase pathways are involved in the induction of cell death, as well as maintenance of cell survival.
Quercetin has the ability to inhibit other kinases, includ- 
